Starch gel electrophoresis of extracts from developing maize (Zea mays L.) endosperms 22 days postpollination reveals only a single zone of phosphoglucomutase activity in the majority of the inbreds tested. The other inbreds had the expected two zones of activity. The activity that is present in all inbreds is the amyloplast isozyme while the absent form is a cytosolic enzyme. The lack of the cytosolic isozyme has no discemible phenotypic consequences. PGM2 (EC.2.7.5. 1), which catalyzes the interconversion of glucose-6-P and glucose-l-P, is a key enzyme in glycolysis, in gluconeogenesis, and in the conversion of photosynthate to starch. Two isoenzymes are present in the leaves of dicots with one being compartmentalized in the chloroplast and the other in the cytosol (2, 4, 5). The evidence from Arabidopsis (2) and Nicotiana sylvestris (5) indicates that the chloroplast isozyme is encoded in the nuclear genome. Stuber and Goodman ( 11) We report here that the endosperms of most maize inbreds examined for PGM activity at 22 d postpollination have only a single isozyme detectable and that is the PGM compartmentalized in the amyloplast.
PGM2 (EC.2.7.5. 1), which catalyzes the interconversion of glucose-6-P and glucose-l-P, is a key enzyme in glycolysis, in gluconeogenesis, and in the conversion of photosynthate to starch. Two isoenzymes are present in the leaves of dicots with one being compartmentalized in the chloroplast and the other in the cytosol (2, 4, 5) . The evidence from Arabidopsis (2) and Nicotiana sylvestris (5) indicates that the chloroplast isozyme is encoded in the nuclear genome. Stuber and Goodman ( 11) reported that two loci with numerous alleles encode the isozymes present in young, etiolated maize (Zea mays L.) seedlings but that neither isozyme is present in the etioplasts. Schnarrenberger et al. (9) surveying C3, C4, and CAM plants by DEAE-cellulose chromatography found two isozymes in the C3 and CAM plants while maize and the other C4 plants examined had three isozymes, one compartmentalized in the bundle sheath chloroplasts, a second in the cytosol of the bundle sheath cells, and the third in the cytosol of the mesophyll cells.
PGM activity in developing or germinating seeds has been less extensively investigated. Germinating Ricinus seeds have two isozymes, one a plastid form and the other a cytosolic form (6) . Developing wheat endosperms have two isozymes, but no evidence concerning compartmentalization was presented (8) . There is a single PGM enzyme present in developing Cassia seeds (10) , and in germinating pea and broad bean seeds (13) . Potato tubers have at least two and possibly four PGMs (13 
SGE
Five g endosperms were homogenized in a mortar in 2.5 mL of sodium ascorbate buffer (8.3% w/v [pH 7.3] ) containing 16% sucrose and 1 mM DTT as described by Stuber et al. (12) . The homogenate was centrifuged for 15 min at 27,000 g to remove cellular debris and the supernatant fraction used for electrophoresis which was carried out according to either the A gel (pH 5.0) or the D gel (pH 6.5) method of Stuber et al. (12) . Initially, both methods were used to test the possibility that two isozymes might comigrate with one method but be separable by another. Finding no instances of this, subsequently the D gel method was used, and the figures of starch gels presented here were produced by that method. Following electrophoresis, the zones of PGM activity were visualized by immersing a slice of the starch gel in a mixture containing 50 mL 0.1 M Tris-HCl buffer (pH 8.5), 250 mg D-glucose-I-P, 25 mg EDTA, 100 mg MgCl2, 5 mg NAD+, 7.5 mg tetrazolium thiazolyl blue, 1 mg phenazine methosulfate, and 37.5 units of glucose-6-P dehydrogenase (Sigma). The staining reaction was complete in 20 min at 37°C.
DEAE-52 Cellulose Column Chromatography
Endosperm tissue (10 g) was homogenized in a mortar in 10 mL of 50 mm Tris-HCl buffer ( at 27,000 g for 20 min to remove cellular debris, the protein pellet that precipitated from the supernatant fraction between 20 and 60% (NH4)2SO4 saturation was dissolved in 2 mL of the Tris-HCl buffer. The solutions were dialyzed against the same buffer (+DTT) overnight before application to a 1.2 x 12 cm column for the W64A and Oh43 extracts and a 1.2 x 14 cm column for the W570 extract. The column was initially washed with 100 mL of the Tris-HCl buffer before being eluted with a linear gradient of KCl obtained by introducing 100 mL of the Tris-HCl buffer that was 0.4M KCl (0.3 M for the W570 extract) into 100 mL of Tris-HCl buffer. Three mL fractions were collected and assayed for PGM activity by the method of Nishimura and Beevers (6) .
Identification of the Amyloplast Isozyme
To ascertain which of the zones of PGM activity was attributable to an amyloplast isozyme, we used both the plastid enrichment technique developed for germinating Ricinus seeds by Nishimura and Beevers (7) and the procedure used by Entwistle et al. (3) for the isolation of an amyloplast fraction from developing wheat endosperms. The enzyme preparations from these fractions were used for starch gel electrophoresis and compared with the enzyme preparations from unfractionated extracts.
RESULTS AND DISCUSSION Our initial observation that the developing endosperms of some genotypes might have only a single isozyme came from the examination of PGM activity by SGE in a putative starchsynthesizing mutant vit*-8132 (W22N) in comparison with our usual control, the F. hybrid, W64A x 182E. As Figure  IA shows, the control has two zones of activity while the mutant has a single zone that migrates with the same relative mobility as the faster migrating activity in W64A x 182E. While this observation suggested that the basis of the reduced starch-synthesizing capacity of vit*-8132 might be the absence of this isozyme, subsequent examination of nonmutant genotypes (inbred lines) demonstrated that the majority have only a single zone of PGM activity as does vit*-8132 (Fig. IA) .
We have tested a number of starch-synthesizing mutants that have been backcrossed extensively to the inbred, W64A, and recovered. W64A (nonmutant) has two PGM isozymes, and so do all the starch mutants placed in that inbred background (Fig. 1B) Since the inbreds represented in Figure lA represent a restricted sample, we subsequently tested a larger sample of maize inbreds that are presently or were formerly used in the production of commercial hybrids. The results are shown in Figure IC and reinforce the tentative conclusion drawn from Figure IA Figure 2 , A and B, shows that results of experiments to detect which ofthe two isozymes present in the hybrid, W64A
x 182E, is the amyloplast isozyme. We employed both a plastid enrichment technique (7) and gradient isolation of an amyloplast fraction (3) from kernels 16 d postpollination. Following buffer extraction of the fractions from these procedures, the extracts were subjected to SGE and stained for PGM activity. The extracts from both procedures agree in showing that the more rapidly migrating isozyme is the form compartmentalized in the amyloplast. In each figure, the right lane contains an unfractionated extract. Reference to Figure  1 , A and C, indicates that in the inbreds with a single PGM that PGM migrates with the same relative mobility as the amyloplast isozyme from W64A x 1 82E. A direct test of the PGM present in Oh43 shows that this is the amyloplast isozyme (Fig. 2B) . While not all genotypes have been tested by isolating an amyloplast fraction, it is reasonable to conclude that all genotypes with one isozyme contain the amyloplast form.
The endosperm extracts from three genotypes, W64A, Oh43, and W570, have been separated by DEAE-52 cellulose column chromatography (Fig. 3 (1) revealed that the endosperm cytosolic isozyme is encoded by a locus that maps to the short arm of chromosome 5 at or close to the locus of Pgm2. Pgm2 encodes one of the leaf cytosolic PGM isozymes reported by Stuber and Goodman (1 1) . This finding raises the possibility that the inbreds lacking the endosperm cytosolic PGM are homozygous for a null allele at a duplicate gene expressed only in the endosperm since Oh43, which lacks that enzyme, has both leaf cytosolic isozymes reported by Stuber and Goodman (1 1).
The consequences of the apparent absence of the endosperm cytosolic PGM isozyme in many maize inbreds are not clear. There are no discernible phenotypic effects, and it is possible that the isozyme is dispensable for normal endosperm development and optimal starch production. It is also con- Figure 3 . Separation of phosphoglucomutase isozymes from three inbreds by DEAE-52 cellulose column chromatography. Peak I is the amyloplast isozyme and Peak 11 the cytosolic isozyme. A, W64A; B, Oh43 demonstrating the single peak of enzyme activity present; C, W570. G-6-P, glucose-6-P.
ceivable that the missing PGM is an example of one of the many recessive null and hypomorphic alleles present in any inbred line that do not condition a mutant phenotype but cumulatively reduce vigor and productivity. It is these cryptic defects that are repaired in large measure when two inbreds are crossed to produce an elite hybrid. The question of whether endosperm cytosolic PGM activity is necessary for maximal starch synthesis and seed development can be posed by testing a broad sample of the current elite hybrids. Most hybrids would be expected to show the activity even though it is lacking in the majority of the inbred lines that we have tested.
